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ABSTRACT
Interdecadal change in the relationship between the East Asian winter monsoon (EAWM) and the
Arctic Oscillation (AO) has been documented by many studies. This study, utilizing the model
outputs from phase 5 of the Coupled Model Intercomparison Project (CMIP5), evaluates the
ability of the coupled models in CMIP5 to capture the intensified relationship between the EAWM
and winter AO since the 1980s, and further projects the evolution of the EAWM–AO relationship
during the 21st century. It is found that the observed evolution of the EAWM–AO relationship can
be reproduced well by some coupled models (e.g., GFDL-ESM2M, GISS-E2-H, and MPI-ESM-MR).
The coupled models’ simulations indicate that the impact of winter AO on the EAWM-related
circulation and East Asian winter temperature has strengthened since the 1980s. Such interde-
cadal change in the EAWM–AO relationship is attributed to the intensified propagation of
stationary planetary waves associated with winter AO. Projections under the RCP4.5 and RCP8.5
scenarios suggest that the EAWM–AO relationship is significant before the 2030s and after the
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The East Asian winter monsoon (EAWM) is one of the
most active large-scale atmospheric circulation systems
over the Northern Hemisphere and shows intraseaso-
nal, interannual, and decadal variations (Ding et al.
2014; Wang and Lu 2017). Concurrent with a stronger-
than-normal EAWM, the Siberian high and Aleutian low
are strikingly reinforced, which could lead to intensely
northerly wind along the coast of East Asia. Meanwhile,
the East Asian trough and the meridional shear of the
East Asian jet stream (EAJS) are strengthened as well
(He and Wang 2012).
Previous investigations have indicated that the
intensity of the EAWM is related to many factors, such
as the Arctic Oscillation (AO), El Niño–Southern
Oscillation, Hadley circulation, Eurasian snow cover,
and Arctic sea ice (Webster and Yang 1992; Zhang,
Sumi, and Kimoto 1996; Watanabe and Nitta 1999;
Chen, Graf, and Huang 2000; Zhou and Wang 2008; Li
and Wang 2013; Wang and Liu 2016; He et al. 2017).
Among these factors, the AO, as the dominant mode of
the extratropical atmospheric circulation over the
Northern Hemisphere, has been found to exert great
effects on the East Asian climate and the EAWM
(Thompson and Wallace 1998; Zhou 2017). According
to Gong, Wang, and Zhu (2001), the winter AO may
affect the EAWM by modulating the Siberian high. In
contrast, Wu and Wang (2002) emphasized the direct
impact of winter AO on the EAWM-related atmospheric
circulation.
Recently, it has been found that the EAWM–AO rela-
tionship is unstable. Since the 1980s, the EAWM–AO
relationship is noticeably enhanced (Li, Wang, and Gao
2014). Such strengthening may be caused by the dimin-
ished autumn Arctic sea-ice cover, which could trigger
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the westward intrusion of the EAJS from the Northwest
Pacific toward East Asia. Lu, Zhou, and Ding (2016) also
found that, after 2000, the stratospheric polar vortex
disturbances increase and the Northern Hemisphere
Annular Mode is mainly in negative phase. Therefore,
the Urals blocking high and East Asian trough are more
active after 2000, which lead to enhanced cold air
activities in eastern and northern China.
Given the important influence of AO on the EAWM
and the unstable relationship between the EAWM and
AO, it is necessary to gain more insights into the future
changes of the EAWM, AO, and EAWM–AO relationship.
There have been numerous projections concerning the
future evolution of the EAWM (Hu, Bengtsson, and Arpe
2000; Jiang and Tian 2013) and AO (Miller, Schmidt, and
Shindell 2006; Gillett and Fyfe 2013; Sun and Ahn 2015;
Zhu and Wang 2016). However, few studies have dis-
cussed the future change of the EAWM–AO relation-
ship. To what extent can state-of-the-art coupled
models simulate the interdecadal change of the
EAWM–AO relationship? How will the EAWM–AO rela-
tionship evolve during the 21st century? These issues
are analyzed in this article using historical simulations
and future projections under different Representative
Concentration Pathway (RCP) scenarios in phase 5 of
the Coupled Model Intercomparison Project (CMIP5).
2. Data and methods
The historical simulations and future projections under
the RCP4.5 and RCP8.5 scenarios from 33 CMIP5 models
(Taylor, Stouffer, and Meehl 2012) are offered by the
PCMDI (Program for Climate Model Diagnosis and
Intercomparison). Here, we only analyze the first reali-
zation (r1i1p1) of each individual model. The reanalysis
datasets from the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR) (Kalnay et al. 1996) are used to compare
with historical simulations.
There are many indices to measure the EAWM. Wang
and Chen (2010b) classified these indices into four cate-
gories. They also found that some EAWM indices are not
suitable for describing the EAWM–AO relationship. Since
Li, Wang, and Gao (2014) identified the strengthened
EAWM–AO relationship around the 1980s in observations,
we define the EAWM index as in their study. We calculate
the EAWM index as the average of three different EAWM
indices. The first index is defined as the area-averaged
(25°–50°N, 115°–145°E) wind speed at 850 hPa (Wang and
Jiang 2004). The second index is defined as the area-
averaged (25°–45°N, 110°–145°E) geopotential height at
500 hPa (Wang and He 2012). The third index is defined as
the zonal wind shear at 200 hPa (Li and Yang 2010), which
is calculated as area-averaged (30°–35°N, 90°–160°E) 200-
hPa zonal wind minus half of the area-averaged (50°–60°
N, 70°–170°E) 200-hPa zonal wind and half of the area-
averaged (5°S–10°N, 90°–160°E) 200-hPa zonal wind.
Before computing the average of these three indices, all
three indices are linearly detrended and normalized. The
AO index is defined as the time series of the leading
empirical orthogonal function mode of sea level pressure
(SLP) anomalies northward of 20°N. The EAJS index is
calculated as the area-averaged (30°–35°N, 130°–160°E)
zonal wind at 200 hPa (Yang, Lau, and Kim 2002).
We use Eliassen–Palm (EP) flux to diagnose the inter-
action between waves and mean flow (Andrews,
Holton, and Leovy 1987). The following is the meridio-
nal and vertical constituents of the EP flux:
F φð Þ ¼ r0cosφu0v0; (1)




Here, r0 is the radius of Earth, φ is the latitude, u and v
are the zonal and meridional wind, f is the Coriolis
parameter, θ is the potential temperature, p is the
pressure, and θp ¼ dθ=dp. The primes and overbars
represent zonal deviations and averages, respectively.





and the vertical constituent times 125.
The selected periods for historical simulations and
future projections are the winters of 1950–2003 and
2006–99, respectively. Here, as an example, the winter
of 1950 stands for the December of 1950 and the
January and February of 1951. All data and indices are
linearly detrended prior to examination.
3. Results
3.1. The EAWM–AO relationship in the historical
simulations
Figure 1(a) shows the 21-yr sliding correlation coeffi-
cients between the EAWM index and the negative AO
(−AO) index in the NCEP–NCAR reanalysis datasets.
Apparently, the EAWM–AO relationship is strikingly
strengthened since the 1980s, which is consistent with
the results of Li, Wang, and Gao (2014). Then, the entire
period (1950–2003) is divided into two sub-periods:
1950–1970 and 1980–2003. As displayed in Table 1,
for the entire period, the correlation coefficient of the
observed EAWM–AO relationship is 0.416 (above the
90% confidence level). Meanwhile, the insignificant
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correlation of 0.341 during 1950–70 increases to a
strong stage of 0.495 during 1980–2003.
But can the latest CMIP5 models reproduce the inter-
decadal change of the EAWM–AO relationship? To
answer this question, we calculate the EAWM–AO cor-
relation coefficients in each individual model. As shown
in Table 1, almost all the CMIP5 models can replicate
the statistically significant EAWM–AO relationship dur-
ing 1950–2003, except for CMCC-CMS, HadGEM2-ES,
IPSL-CM5B-LR, and MIROC5. Meanwhile, there are
three models — GFDL-ESM2M, GISS-E2-H, and MPI-
ESM-MR – that can capture well the interdecadal shift
of the EAWM–AO relationship around the 1980s.
Clearly, most of the CMIP5 models fail to reproduce
the intensified EAWM–AO relationship, which may be
attributable to the biases of CMIP5 models in simulating
the basic features of the EAWM and AO. As indicated in
previous studies, most of the CMIP5 models overesti-
mate the intensity of the Pacific center in the winter-
time AO pattern (Gong et al. 2017) and have lower
capability in simulating the interannual variability of
the EAWM system (Gong et al. 2014). With these biases,
the skill of CMIP5 models in reproducing the interdeca-
dal shift of the EAWM–AO relationship may be limited.
Considering the good ability of these three models to
capture the variation in the EAWM–AO relationship, we
calculate the 21-yr sliding correlation coefficients
between the EAWM index and the −AO index using
the multi-model ensemble (MME) mean results of
these three models. Results of the MME (Figure 1(b))
show that the EAWM–AO relationship is generally
strengthened since the 1980s. Although the temporal
evolution of the EAWM–AO relationship in the MME
shows biases to the individual models (Figure 1(b):
shading), the results of both individual models and
the MME exhibit continuous intensification of the
EAWM–AO relationship. It should be noted that, if we
use the 95% confidence level for the model selection,
six models — BCC-CSM1.1, CNRM-CM5, FGOALS-s2,
FGOALS-g2, GFDL-CM3, and GFDL-ESM2M — will be
identified, the ensemble mean of which can also repro-
duce the observed intensified EAWM–AO relationship
(figures not shown). Given that the results of the MME
match better with the observation, we mainly examine
the simulations of the MME for the following analysis.
Corresponding to the interdecadal shift of the
EAWM–AO relationship in the MME, there are notable
changes in the simulated EAWM/AO-related atmo-
spheric circulation from 1950–70 to 1980–2003. Firstly,
we regress the SLP upon the EAWM index. During
1950–70 (Figure 2(a)), significantly negative SLP anoma-
lies are primarily located over East Asia and the
Figure 1. The 21-yr sliding correlation coefficients between the EAWM index and the −AO index during the winters of 1950–2003
for the (a) NCEP–NCAR reanalysis data and (b) MME. The 21-yr sliding correlation coefficients between the EAJS index and the −AO
index during the winters of 1950–2003 for the (c) NCEP–NCAR reanalysis data and (d) MME. The horizontal long (short) dashed line
indicates the 90% (95%) confidence level according to the student’s t-test. The shading indicates one intermodel standard deviation
departure from the MME mean.
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Northwest Pacific, while the positive SLP anomalies over
the Arctic are weak and barely significant. During
1980–2003 (Figure 2(b)), the positive center over the
Arctic is markedly reinforced, rendering an AO-like see-
saw pattern over the mid and high latitudes. These
features suggest that the EAWM shows a stronger link-
age with the winter AO during the latter period. Further
investigations of the AO-related atmospheric circulation
also support this conclusion. Since the 1980s, the AO-
related southerly wind anomalies near the coast of East
Asia strikingly intensify (Figure 2(d) versus Figure 2(c):
vectors), accompanied by more southeastward invasion
of warm anomalies (Figure 2(d) versus Figure 2(c):
shading).
According to Li, Wang, and Gao (2014), the EAJS
plays a crucial role in linking the EAWM and winter
AO since the 1980s, which is reflected by the strikingly
enhanced EAJS–AO relationship in reanalysis datasets
(Figure 1(c)) and the MME (Figure 1(d)). To further
examine such a role of the EAJS in the MME, we inspect
the regression maps of the SLP upon the EAJS index.
During 1950–70 (Figure 3(a)), two significant negative
centers are located over the North Pacific and
Northwest Atlantic, with tenuous signals over the
Arctic. During 1980–2003 (Figure 3(b)), the positive cen-
ter over the Arctic strengthens and becomes statistically
significant, inducing a notable Arctic–Pacific dipole.
These characteristics imply an enhanced EAJS–AO rela-
tionship in the latter period.
To verify the changes in the AO-related atmospheric
circulation in the MME, the zonally averaged zonal wind
is regressed. During 1950–70 (Figure 3(c)), the negative
anomalies at the midlatitudes are weak and mainly
confined to the lower troposphere. During 1980–2003
(Figure 3(d)), the negative anomalies at the midlati-
tudes are strikingly intensified, with more significant
anomalies extending upward to the stratosphere. The
vertical structure resembles the classical structure of the
AO. It implies that the winter AO shows a stronger
connection with the EAJS in the latter period, which
could bond the linkage between the EAWM and winter
AO (Li, Wang, and Gao 2014).
Given that stationary planetary waves play an impor-
tant role in the connection between the EAWM and AO
(Chen, Yang, and Huang 2005; Wang and Chen 2010a),
we further investigate the changes of stationary plane-
tary waves associated with the winter AO by analyzing
the EP flux in the MME, the aim being to explain the
possible mechanism underlying the intensified
EAWM–AO relationship at the interdecadal scale.
During 1980–2003, apparent anomalous EP flux diver-
gence appears in the troposphere and stratosphere
near 60°N (Figure 3(f): red contours), which implies
that the westerly zonal-mean flow accelerates there
(Andrews, Holton, and Leovy 1987). Subsequently, the
polar night jet strengthens significantly (Figure 3(f):
blue contours around 60°N). Another notable feature
is the apparent low-level waveguide propagating from
the high latitudes equatorward to the subtropics, lead-
ing to significant anomalies of the subtropical jet
stream (Figure 3(f): blue contours around 30°N). Thus,
the propagation of stationary planetary waves favors
the close connection between the winter AO and the
EAJS/EAWM during 1980–2003. During 1950–70
(Figure 3(e)), although the anomalous EP flux diver-
gence remains in the troposphere near 60°N, the equa-
torward propagating EP flux is relatively weak.
Therefore, the linkage between the winter AO and the
EAJS/EAWM during 1950–70 is weaker than that during
1980–2003.
Table 1. Correlation coefficients between the EAWM index and
the −AO index during the winters of 1950–70, 1980–2003, and
1950–2003 for the NCEP–NCAR reanalysis data and each CMIP5
model. The bold values are significant at the 90% confidence level
according to the student’s t-test. The models reproducing the
strengthened EAWM–AO relationship since the 1980s are in bold.
1950–70 1980–2003 1950–2003
Obs. 0.341 0.495 0.416
ACCESS1.3 0.769 0.860 0.807
BCC-CSM1.1 0.378 0.480 0.425
BCC-CSM1.1(m) 0.728 0.834 0.793
BNU-ESM 0.681 0.511 0.621
CanESM2 0.733 0.562 0.643
CESM1(BGC) 0.443 0.266 0.379
CESM1(CAM5) 0.162 0.333 0.343
CMCC-CM 0.712 0.758 0.702
CMCC-CMS –0.138 0.111 0.028
CNRM-CM5 0.378 0.817 0.625
FGOALS-s2 0.374 0.446 0.386
FGOALS-g2 0.379 0.631 0.521
GFDL-CM3 0.401 0.755 0.533
GFDL-ESM2G 0.738 0.686 0.653
GFDL-ESM2M 0.105 0.556 0.453
GISS-E2-H 0.316 0.369 0.372
GISS-E2-R 0.584 0.327 0.375
HadCM3 0.739 0.826 0.769
HadGEM2-AO 0.601 0.424 0.478
HadGEM2-CC 0.451 0.651 0.597
HadGEM2-ES –0.361 0.067 –0.125
INM-CM4 0.708 0.707 0.713
IPSL-CM5A-LR 0.498 0.620 0.566
IPSL-CM5A-MR 0.599 0.723 0.640
IPSL-CM5B-LR 0.200 0.069 0.179
MIROC4h 0.603 –0.062 0.254
MIROC5 0.156 –0.164 –0.065
MIROC-ESM 0.659 0.474 0.591
MIROC-ESM-CHEM 0.535 0.491 0.526
MPI-ESM-MR 0.342 0.363 0.290
MRI-CGCM3 0.385 0.180 0.310
NorESM1-M 0.632 0.699 0.665
NorESM1-ME 0.661 0.372 0.524
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3.2. Projected EAWM–AO relationship under the
RCP4.5 and RCP8.5 scenarios
In view of the reasonable reproducibility in the MME,
another question we want to address is how the EAWM–
AO relationship may evolve during the 21st century. Using
the futureprojectionsof theMME, theprojected EAWM–AO
relationship under the RCP4.5 and RCP8.5 scenarios tends
to remain unstable (Figure 4). Before the 2030s, the EAWM–
AO relationship is statistically significant under the RCP4.5
and RCP8.5 scenarios, and the EAWM–AO correlation coef-
ficients are around 0.6. During the 2030s, the EAWM–AO
correlation coefficients reduce to 0.3 (below the 90% con-
fidence level) under the RCP4.5 scenario. By contrast, the
EAWM is still closely related to the simultaneous AO during
the 2030s under the RCP8.5 scenario, and the EAWM–AO
correlation coefficients remain around 0.6. During the
2040s and 2050s, the EAWM–AO correlation coefficients
are projected to gradually recover to 0.6 under the RCP4.5
scenario. However, the EAWM–AO relationship under the
RCP8.5 scenario experiences a rapid weakening in the early
2040s, and remains around the 90% confidence level dur-
ing the 2040s and 2050s. During the 2060s, the EAWM–AO
relationship becomes insignificant again under the RCP4.5
scenario, while the relationship remains relatively weak
under the RCP8.5 scenario. Finally, the EAWM–AO correla-
tion coefficients return back to 0.7 after the early 2070s
under both RCP4.5 and RCP8.5 scenarios. Therefore, projec-
tions under both theRCP4.5 andRCP8.5 scenarios suggest a
significant EAWM–AO relationship before the 2030s and
after the early 2070s, and an insignificant relationship dur-
ing the 2060s. However, from the 2030s to the 2050s, the
projected EAWM–AO relationship under the RCP4.5 sce-
nario is contrary to that projected under the RCP8.5 sce-
nario, which implies uncertainty in the EAWM–AO
relationship during the mid-term of the 21st century.
4. Summary and discussion
This study investigates how the latest CMIP5 models
simulate the interdecadal change of the EAWM–AO
relationship and how this relationship may evolve dur-
ing the 21st century.
Comparisons between 1950–70 and 1980–2003 indi-
cate that there are three models — GFDL-ESM2M, GISS-
E2-H, and MPI-ESM-MR — that can capture well the
interdecadal shift of the EAWM–AO relationship around
Figure 2. Regression maps of SLP anomalies (units: hPa) upon the EAWM index during (a) 1950–70 and (b) 1980–2003. Light (dark)
shading indicates the 90% (95%) confidence level according to the student’s t-test. Correlation coefficients (shading) of surface air
temperature anomalies (units: °C) and regression coefficients (vectors) of 700-hPa wind anomalies (units: m s−1) upon the winter AO
index during (c) 1950–70 and (d) 1980–2003.
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Figure 3. Regression maps of SLP anomalies (units: hPa) upon the EAJS index during the winters of (a) 1950–70 and (b) 1980–2003. Light
(dark) shading indicates the 90% (95%) confidence level according to the student’s t test. Regression maps of zonally averaged zonal wind
anomalies (units: m s−1) upon the winter AO index during (c) 1950–70 and (d) 1980–2003. Light (dark) shading indicates the 90% (95%)
confidence level according to the Student’s t-test. Differences of zonally averaged zonal wind (blue contours; units: m s−1), EP flux cross
sections (vectors; units: 108 m2 s−2), and its divergence (red contours; units: m s−1 d−1) between high (≥ 0.5 standard deviation) and low
(≤ −0.5 standard deviation) winter AO index during (e) 1950–70 and (f) 1980–2003. The shading indicates zonally averaged zonal wind
significant at the 90% confidence level according to the student’s t-test.
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the 1980s. The simulated atmospheric circulation of the
MME also supports such interdecadal change.
Compared with the former period, the EAWM-asso-
ciated SLP anomalies in the latter period are character-
ized by an AO-like pattern. Concurrent with a positive
phase of winter AO, the anomalous southerly wind near
the coast of East Asia clearly reinforces during
1980–2003, accompanied by more southeastward inva-
sion of warm anomalies. These characteristics suggest
an enhanced EAWM–AO relationship since the 1980s.
The historical simulations of the MME also demon-
strate the crucial role of the EAJS in linking the EAWM
and winter AO since the 1980s. During 1950–70, the
AO-related zonally averaged zonal wind anomalies at
the midlatitudes are weak and mainly confined to the
lower troposphere. During 1980–2003, the anomalies at
the midlatitudes are strikingly intensified, rendering a
classical structure of the AO. Therefore, the winter AO
shows a stronger connection with the EAJS/EAWM in
the latter period. To explain the possible mechanism
underlying the strengthened EAWM–AO relationship,
we further gain an insight into the changes of station-
ary planetary waves associated with the winter AO in
the MME. During 1980–2003, apparent low-level EP flux
propagates from the high latitudes equatorward to the
subtropics, leading to significant anomalies of the sub-
tropical jet stream. This accounts for the close connec-
tion between the winter AO and the EAJS/EAWM in the
latter period. During 1950–70, the equatorward propa-
gating EP flux is relatively weak. Therefore, the linkage
between the winter AO and the EAJS/EAWM during
1950–70 is weaker than that during 1980–2003.
Finally, we discuss the projected EAWM–AO relation-
ship in the MME. Projections under both the RCP4.5 and
RCP8.5 scenarios suggest a significant EAWM–AO rela-
tionship before the 2030s and after the early 2070s, and
an insignificant one during the 2060s. However, from
the 2030s to the 2050s, the projected EAWM–AO rela-
tionship under the RCP4.5 scenario is contrary to that
projected under the RCP8.5 scenario, which implies
uncertainty in the EAWM–AO relationship during the
mid-term of the 21st century.
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